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Introduction {#sec001}
============

A variety of biosensors are routinely used for bacterial detection and identification \[[@pone.0150449.ref001]--[@pone.0150449.ref004]\]. Optical methods do not require contact and allow for non-destructive inspection, which is why they are intensively studied for the development of novel inexpensive and rapid detection techniques for bacterial pathogens in food, water, or clinical samples. Over the past few years, significant progress has been made using light scattering on bacterial colonies \[[@pone.0150449.ref005]--[@pone.0150449.ref010]\].

We previously demonstrated that colonies from different bacterial species and strains generate specific diffraction signatures that can be used for microbiological diagnosis, as both the amplitude and phase spatial light are species- and strain-specific \[[@pone.0150449.ref007],[@pone.0150449.ref011]\]. The experiments performed using our system with converging spherical wave illumination have shown that the Fresnel diffraction patterns of colonies were unique and allowed for species discrimination \[[@pone.0150449.ref012]--[@pone.0150449.ref016]\]. The proposed statistical analysis algorithm for Fresnel diffraction pattern analysis enables identification with nearly 99% accuracy \[[@pone.0150449.ref017]\]. Moreover, experiments performed by other researchers on four different strains of *Escherichia coli*, also demonstrated that it is possible to identify bacterial strains with a 82% recognition rate \[[@pone.0150449.ref009]\]. Recently, experiments on bacterial cultures causing infections of the urinary tract have shown that the optical system configuration can be applied in a clinical context, as was originally proposed by our group \[[@pone.0150449.ref018]\]. Further enhancement of the bacterial identification accuracy on the level of strain discrimination is possible by means of optical diffraction; however, an extended study of the interaction between bacterial colonies and light is necessary.

The main goal of this paper is to extend optical examinations by determining the amplitude and phase properties of bacterial colonies using a Point-Source Digital In-Line Holography (PSDIH) sensor. Recently, we demonstrated the suitability of digital holography for bacteria characterization \[[@pone.0150449.ref020]\]. This technique may be also useful for the examination of other biological samples \[[@pone.0150449.ref021]--[@pone.0150449.ref024]\]. Optical holography is a method that allows registration and reconstruction of both the amplitude and the phase of an optical field. Thus, it is possible not only to record the amplitude- and phase-light-modulating properties of an object, but also to obtain information on the amplitude and phase of the transformed optical field. Significant advances in optoelectronics and computer sciences have led to the digitalization of holography \[[@pone.0150449.ref019],[@pone.0150449.ref020]\]. The presently used digital holographic microscopes (DHM) capture a hologram with an electronic device, such as a CMOS or CCD camera, and then, the recorded hologram is reconstructed numerically using diffraction calculations. This microscopic technique enables lensless imaging of an object and retrieval of information about the amplitude and phase of the scattered optical field. The simplest configuration is represented by digital in-line holographic microscopy (DIHM). This concept is based on a technique originally proposed by Gabor under the assumption of light scattering on an in-line illuminated object \[[@pone.0150449.ref021]--[@pone.0150449.ref023]\]. In this case, the interference occurs when the amplitude of the scattered wave is small compared with the amplitude of the non-scattered reference wave.

In our recent work, the PSDIH sensor was applied to study colony-light interaction. This technique allows to generate intensity images of examined objects with sub-micron resolution \[[@pone.0150449.ref022]--[@pone.0150449.ref026]\]. However, a hologram reconstruction also gives access to the phase information of an object and allows the creation of images that represent the spatial variation of phase shifts of the optical wave fronts modified by an object under study. The main advantage of the DHM is the quantitative determination of the phase shifts, which enables the quantitative analysis of the optical path through the object. This cannot be achieved with a standard optical phase microscope. Moreover, the PSDIH sensor allows reconstruction of the diffracted optical field in all desired observation planes behind an object, based on the recorded single digital hologram and the proper model of diffracted beam propagation. Existing techniques are based on light scattering/diffraction in one selected direction and at a fixed distance from the colony, although the spatial distribution of scattering/diffraction patterns is significantly affected by the observation distance \[[@pone.0150449.ref016]\]. During the single measurement only one diffraction/scattering pattern can be recorded. Contrary to bacterial identification by forward light-scattering sensors based on diffraction intensity patterns recorded in selected observation planes, DHM techniques enable the analysis of both amplitude/intensity and phase patterns of scattered/diffracted optical fields in the entire observation space. To the best of our knowledge, this is the first attempt to use the PSDIH based sensor for bacterial colony investigation. Colonies of two different bacterial species, *Escherichia coli* and *Staphylococcus intermedius*, are analyzed with both PSDIHM and classical optical microscopy in order to characterize their amplitude and phase properties. Furthermore, the process of hologram reconstruction is applied to evaluate the spatial distribution of the optical field diffracted by a colony in various observation planes behind the complex object. In comparison to the already proposed scattering/diffraction method for bacteria identification, here it will be demonstrated that digital holography enables obtaining new optical signatures of bacterial colonies: digital holograms, reconstructed amplitude and phase patterns, and their diffraction patterns from the entire observation space. These unique features can be treated as novel bacterial species optical discriminators. The aim of the study is to demonstrate the new perspectives in the characterization of species-dependent optical signatures. Contrary to bacterial identification by forward light-scattering sensors, the DHM enables reconstruction of multiple optical signatures of bacterial colonies from one single digital hologram (see [Fig 1](#pone.0150449.g001){ref-type="fig"}). This approach may result in the development of new diffraction/scattering methods for bacterial characterization.

![The comparison of already proposed forward scattering / diffraction sensors and novel digital holography sensor.](pone.0150449.g001){#pone.0150449.g001}

Materials and Methods {#sec002}
=====================

The point source digital in-line holographic sensor {#sec003}
---------------------------------------------------

The schematic configuration and description of the point-source digital in-line holographic sensor (PSDIHS) used in our study is depicted in [Fig 2](#pone.0150449.g002){ref-type="fig"}. Holograms were recorded at a distance of 25 mm from the surface of the nutrient medium.

![The schematic set-up of the PSDIHS configuration.\
Light generated by a coherent light source (LS) with a wavelength of 405 nm and output power of 25 mW is focused onto a 0.5-μm-diameter pinhole (PH), which acts as the point source emitting the divergent spherical wave. The wave illuminates an examined object, bacterial colonies grown on nutrient medium in a Petri dish on a sample holder with an X-Y translation stage, and forms magnified diffraction pattern in the recording plane (C) of the CMOS camera with the sensing area: 2048 × 2048 pixels (pixel size: 6 × 6 μm), mounted on a Z translation stage.](pone.0150449.g002){#pone.0150449.g002}

The hologram numerical reconstruction algorithm {#sec004}
-----------------------------------------------

We adopted the numerical reconstruction of holograms based on the Helmholtz-Kirchhoff transform, originally proposed in \[[@pone.0150449.ref023]\]: $$\text{K}\left( \overline{\text{r}} \right) = \int_{S}\text{I}\left( \overline{\xi} \right)\,\text{exp}\left\{ {2\pi\text{i}\overline{\xi} \cdot \overline{\text{r}}/\lambda\xi} \right\}\text{d}^{2}\xi$$ where the integration extends over the two-dimensional surface of the camera detector (perpendicular to the optical axis) at distance L from the pinhole, with coordinates *ξ* = (*X*, *Y*, *L*), λ is the light wavelength, and $\text{I}\left( \overline{\xi} \right)$ is the intensity pattern of the hologram.

In previous applications \[[@pone.0150449.ref023]--[@pone.0150449.ref026]\], $\text{I}\left( \overline{\xi} \right)$ represented the contrast image (hologram) in the camera plane, obtained by subtracting the holograms with and without the object presence, or by applying the high-pass filter to the hologram. In the current study, the initially recorded hologram pattern was used as the input signal for the numerical reconstruction. This approach will be discussed further in the next sections. The function $\text{K}\left( \overline{\text{r}} \right)$ is the complex amplitude of a wave anywhere in space, in particular within the volume of the object, thus rendering its three-dimensional structure. Generally, $\text{K}\left( \overline{\text{r}} \right)$ can be determined in an arbitrarily chosen plane in the space behind the object and it can be used for the analysis of the spatial intensity distribution of the complex amplitude of the light diffracted by the object. A reconstruction plane that contains the image of an analyzed object's cross-section is equivalent to the in-focus plane in conventional optical microscopy. The term $\text{K}\left( \overline{\text{r}} \right)$ is a complex function and the intensity KK\* represents the object. The phase image of an object is obtained by determining the phase angle Ψ(r), as described by the following expression: $$\psi\left( r \right)\, = \, arctan\frac{Im\ K\left( r \right)}{Re\ K\left( r \right)}$$

Preparation of the bacterial colony samples {#sec005}
-------------------------------------------

The samples were prepared in the microbiology laboratory of the Department of Environmental Engineering at the Warsaw University of Technology. Bacterial suspensions of *Escherichia coli* (PCM 0119) and *Staphylococcus intermedius* (PCM 2405) were first incubated for 24 h at 37°C. Respectively, 10^−6^ and 10^−7^ dilutions were seeded on the surface of Columbia agar (Oxoid) solid nutrient medium in Petri dishes to obtain 10--15 colonies per plate, and were incubated at 37°C for 20 h. To avoid variation in light attenuation, the same volume of nutrient medium was used in each case (10 ml).

Spectroscopic study of light attenuation by nutrient medium and bacterial colonies {#sec006}
----------------------------------------------------------------------------------

A spectroscopic study was performed in the spectral range of 300--800 nm with a resolution of 2 nm. The absorption spectra of bacterial colonies were measured using an AvaSpec 3648 spectrometer (Avantes) with a reflection probe. The absorption spectra of the Columbia nutrient medium (Oxoid) were recorded by the same spectrometer working in the transmission configuration.

Examination of bacterial colonies by optical transmission and phase contrast microscopy {#sec007}
---------------------------------------------------------------------------------------

To explain the correlation between the reconstructed image, recorded by the PSDIHS, and the structure of the examined bacterial colonies, additional examinations were performed using a Nikon Eclipse 2000 optical transmission and phase contrast microscope (Nikon objectives: 4×, 10×). Based on the images, the transmission coefficient of the bacterial colony was determined. Based on wave optics, the complex amplitude U(x′, y′) of the optical field in the image plane in transmission mode can be described by the following expression \[[@pone.0150449.ref027]\]: $$U\left( {x^{\prime},y^{\prime}} \right)\, = \,\frac{1}{\left| M \right|}U_{0}\left( {\frac{x^{\prime}}{M},\frac{y^{\prime}}{M}} \right)$$ where $\text{U}_{0}\left( {\frac{\text{x}^{\prime}}{\text{M}},\frac{\text{y}^{\prime}}{\text{M}}} \right)$ is the rescaled complex amplitude of the optical field in the object plane and M determines the transverse magnification of the microscope optical system, *x*' = *Mx* and *y*' = *My* are relationships connecting the coordinates x, y in the object plane with the coordinates x', y' in the image plane. Considering the fact that only the intensity of the optical field is recorded in the conventional transmission microscope, the phase modulation is totally lost. The intensity of the optical field in the image plane can be described as follows: $$I\left( {x^{\prime},y^{\prime}} \right) = {|{U\left( {x^{\prime},y^{\prime}} \right)}|}^{2} \cong \frac{1}{{|M|}^{2}}T\left( {\frac{x^{\prime}}{M},\frac{y^{\prime}}{M}} \right),$$

The microscopic image enables obtaining the rescaled two-dimensional transmission coefficient $\text{T}\left( {\frac{\text{x}^{\prime}}{\text{M}},\frac{\text{y}^{\prime}}{\text{M}}} \right)$. Therefore, it is possible to determine the transmission coefficient T(x', y') of the bacterial colony, according to the following expression: $$T\left( {x^{\prime},y^{\prime}} \right) = T\left( {i,j} \right) = \frac{I_{ob}\left( {i,j} \right)}{{\overline{I}}_{p}^{0}}$$ where T(i, j) is the discrete transmission coefficient for the particular pixel (i, j) of the recorded transmission image of the colony, I~ob~(i, j) is the discrete intensity value of the colony image pixel, and ${\overline{\text{I}}}_{\text{p}}^{0}$ is the average discrete intensity of the pixels of the nutrient medium image outside the region occupied by the colony. T(i, j) is the relative transmission coefficient of the bacterial colony, normalized to the transmission properties of the nutrient medium on which the colonies are grown. The T(i, j) ∈ \< 0; 1 \> values are dimensionless units. The value 0 describes the situation of total light attenuation for an opaque object, and value 1 describes total transmission for a transparent object.

The Principal Components Analysis (PCA) of examined optical signatures of bacterial colonies {#sec008}
--------------------------------------------------------------------------------------------

The special image processing algorithms and features extraction developed in our group, were exploited for the statistical analysis of the recorded optical signatures of bacterial colonies \[[@pone.0150449.ref012],[@pone.0150449.ref015]--[@pone.0150449.ref017]\]. The recorded holograms, reconstructed phase and amplitude patterns, as well as the reconstructed diffraction intensity patterns of bacterial colonies were examined. Analyzed patterns exhibit the circular symmetry, therefore they have been processed by the dedicated macro written in ImageJ free software (<http://rsb.info.nih.gov/ij>) \[[@pone.0150449.ref028]\] in order to distinguish the center and edges of the patterns. The 5 concentric annulus-shaped zones partitioning the analyzed patterns were used to extract their unique features. Data consist of mean value and standard deviation for each of analyzed zone, so the 10 features of each patterns were examined. For each bacteria species 40 holograms, amplitude and phase images, and reconstructed diffraction intensity patterns were analyzed. The Principal Components Analysis (PCA) as well as a dimensionality reduction of the extracted features and an initial grouping of the data, were performed by means of R free software for statistical computing \[[@pone.0150449.ref029]\].

Results and Discussion {#sec009}
======================

Spectroscopic examination of absorption properties of the bacterial colonies {#sec010}
----------------------------------------------------------------------------

In PSDIH, it is particularly important to preserve the appropriate transmission properties of the illuminated object to allow the possibility of recording the high-contrast interference patterns of the non-scattered and scattered waves. Therefore, it is necessary to determine the absorption properties of the bacterial colonies (see [Fig 3](#pone.0150449.g003){ref-type="fig"}). For the determination of the absorption spectra of the bacterial colonies, the light reflected form the nutrient medium was used as reference.

![Exemplary reflection absorbance spectra of the bacterial colonies of (a) *S*. *intermedius* and (b) *E*. *coli*.](pone.0150449.g003){#pone.0150449.g003}

Previous examinations of the absorption properties of Columbia nutrient medium (Oxoid) demonstrated that this medium has a significant absorbance for the wavelengths from 400 nm to 425 nm \[[@pone.0150449.ref008]\]. Therefore, a constant volume of the nutrient medium on the Petri dish was used in order to preserve high transmission of the light beam with a wavelength of 405 nm, as used in the PSDIHS.

*Escherichia coli* colonies (see [Fig 3B](#pone.0150449.g003){ref-type="fig"}) exhibit absorption in the entire VIS spectral range with the main maximum around 700--750 nm; however, for wavelengths shorter than 450 nm the absorbance decreased to 0.25. Therefore, the constraint of the PSDIHS referring to the object's transmission can be omitted for light with a wavelength of 405 nm.

For *Staphylococcus intermedius* colonies (see [Fig 3A](#pone.0150449.g003){ref-type="fig"}), the maximum absorbance is observed for the wavelengths from 500 to 600 nm and the absorption significantly decreases for longer wavelengths. Moreover, for wavelengths between 400 and 450 nm the absorbance values vary between 0.49 and 0.7. Therefore, the light transmission is more limited for these colonies than for *E*. *coli* colonies. This affects the contrast of the recorded holograms and reconstructed images of colonies.

The light attenuation of *E*. *coli* colonies is not very strong. Moreover, the recorded holograms and reconstructed colonies images were of low contrast. This is associated not only with the absorption properties of the bacterial cells and the extracellular material, but also with the geometry and central thickness of the colony. Limiting the incubation time can improve the quality of the recorded holograms and reconstructed images, since the colony thickness, and consequently the optical path length trough the colony, will be reduced. However, even for the incubation time applied in this study, it was possible to record holograms of the required quality for reconstruction.

The recorded point-source digital in-line holograms of bacterial colonies {#sec011}
-------------------------------------------------------------------------

After obtaining holograms for both bacterial colonies (see [Fig 4(I)](#pone.0150449.g004){ref-type="fig"}) it is clear that the contrast between the nutrient medium and the colonies is lower in the case of *S*. *intermedius* than for *E*. *coli*. However, the transmission of *E*. *coli* colonies should be higher, according to the recorded the absorption spectra. This effect can be associated with the colony diameter, which is smaller in case of *S*. *intermedius*, with respect to the constant diameter of the illuminating beam. Bacterial colonies are semi-transparent objects. Therefore, the object beam intensity is expected to be limited in the same way as the reference beam intensity. In spite of this, it is possible to record the holograms of the colonies. However, the hologram background is not as uniform as in for conventional digital in-line holograms of biological objects \[[@pone.0150449.ref022],[@pone.0150449.ref023],[@pone.0150449.ref026]\]. Visual inspection of the recorded holograms revealed that in the region outside of the colonies shadow, an additional interference pattern is observed. The non-uniform dark background of the holograms resulted from the nonhomogeneous structure of the nutrient medium formed during gelation, which introduces an additional phase shift of the transmitted light. Other factors include scratches on the surface of the nutrient medium formed during the bacterial cell seeding procedure. Such imperfections cannot be avoided due to manual execution of laboratory procedures. These factors undoubtedly influence the quality of the reconstructed amplitude and phase patterns, since it is not possible to obtain interference fringes on a uniformly dark background with high contrast, which, in case of other objects, can be achieved by subtracting the background. Of note, reconstruction of the hologram without background subtraction leads to residual interference fringes and artifacts that can be totally avoided if the reconstruction is done from a high contrast hologram \[[@pone.0150449.ref023]\]. However, in this case, the background subtraction is impossible due to the presence of totally random scattering patterns caused by the scratches on the nutrient medium surface. These problems may be solved only by introducing fully automatic bacteria seeding procedures or by shortening the time of bacterial colony incubation, which may improve light transmission.

![**Representative holographic signatures of *S*. *intermedius* (A) and *E*. *coli* (B) bacteria**. (I) The digital in-line holograms of bacterial colonies, and (II) the reconstruction of the spatial distribution of the optical field's amplitude inside the space occupied by the colonies (dashed lines indicate the colony contour)). (III) The reconstruction of the spatial distribution of the optical field phase mod (2π) inside the space occupied by colonies.](pone.0150449.g004){#pone.0150449.g004}

Numerical reconstruction of point-source digital in-line holograms of bacterial colonies {#sec012}
----------------------------------------------------------------------------------------

From the recorded holograms of bacterial colonies, it is possible to numerically reconstruct both the amplitude and the phase of the incident optical fields modulated by the analyzed biological objects. Therefore, it is possible to trace back and extract unique scattering patterns of the colonies for each bacterial species/strains in the space between the series of object planes and the hologram recording plane under the assumption of free propagation. This is the main advantage of PSDIH over the already proposed bacterial identification systems based on light scattering/diffraction. The numerical reconstruction can be treated as a procedure inverse to the recording, which enables extraction of the optical fields transformed by bacterial colonies from a 2D recorded hologram on the CMOS chip.

### The amplitude and phase properties of bacterial colonies examined by PSDIH {#sec013}

Representative PSDIH results are presented in [Fig 4(II) and 4(III)](#pone.0150449.g004){ref-type="fig"}. The patterns reconstructed at distances of 40 μm for *S*. *intermedius* and of 20 μm for *E*. *coli*. The semi-transparency of the colonies limits the possibility of effective colony detection by PSDIH, however, it enables the analysis of some optical properties of the colonies, which were confirmed by additional examination by classical optical microscopic techniques.

For *S*. *intermedius* colonies, the reconstructed amplitude image only allows for the detection of the shape of the colony, which strictly correlates with high light absorption. For the *E*. *coli* colonies, in contrast, the reconstructed amplitude pattern consisted of a ring-shaped amplitude maximum, which can be associated with the presence of zones inside the colony with different light transmission properties. The transparency of the colony is limited in the central region, where the oldest bacterial cells are located and the colony thickness is the greatest. These observations are confirmed by examination of the colony transmission coefficient by means of optical transmission microscopy ([Fig 5(I) and 5(II)](#pone.0150449.g005){ref-type="fig"}). The obtained results indicate that for the *S*. *intermedius* colonies, a significant decrease in the transmission coefficient is observed, from 1.0 on the colony edges to 0.25--0.3 in the colony center. These colonies can be regarded as semi-transparent discs with nearly stepwise changes in transparency. In the case of *E*. *coli* colonies, a decrease in the transmission coefficient is noted, from 1.0 on the colony edges, over 0.40--0.45 in more inner regions, to 0.45--0.2 in the colony center. Thus, in *E*. *coli* colonies, two zones with different transmission properties can be distinguished. These zones can explain the presence of the ring-shaped amplitude maxima in the reconstructed optical field amplitude patterns because of light scattering or diffraction on their edges. In contrast to *S*. *intermedius* colonies, *E*. *coli* colonies can be considered as amplitude filters or semi-transparent discs with gradually changing light transmission regions. This indicates that different transmission properties result from the internal structure of the colony, as well as from the shape of the cells forming each colony. The spheroid shape of *S*. *intermedius* cells may underlie the homogeneous internal structure of the colony, while rod-shaped *E*. *coli* cells, as expected, form colonies with a more heterogeneous structure and with optical properties that vary according to the different spatial orientation of the rod-shaped cells. Therefore, the bacterial cell morphology affects colony structure and the distribution of extracellular material inside the colony. In consequence, the absorption properties of the colonies also affect the light attenuation in different regions of the bacterial colony. Light transmission through the colony depends on the optical path length inside the colony. *E*. *coli* forms colonies with an aspherical profile \[[@pone.0150449.ref020]\]. Therefore, the highest light attenuation is observed in the central region of such a colony, where the thickness is maximal, and it decreases moving from the center towards the colony edges. *S*. *intermedius* forms colonies with an approximately spherical profile. Therefore, the colony thickness changes less radically than in the case of *E*. *coli* colonies, and the transmission varies less. The light transformation by the colony will be dominated by the knife-edge diffraction on the zones with different transmission properties, indicating that although the conventional imaging of colonies is limited by their transparency, PSDIH can be used to characterize their amplitude properties. As we demonstrated here, colonies of different species exhibit different light transmission regions inside the colony that are responsible for the light-colony interaction.

![**Representative results of optical microscopic investigation for *S*. *intermedius* (A) and *E*. *coli* (B) bacteria.** (I) Representative transmission microscopy images of bacterial colonies (the dotted lines indicate the cross-section for which the transmission coefficient was evaluated). (II) The transmission coefficient along the cross-section (the dotted lines indicate the bacterial colony edge). (III) Phase contrast microscopy images of (A) *S*. *intermedius* and (B) *E*. *coli* bacterial colonies.](pone.0150449.g005){#pone.0150449.g005}

Analysis of the phase mod (2π) distribution inside the colony shows that each colony has a unique species-dependent phase distribution image (see [Fig 4(III)](#pone.0150449.g004){ref-type="fig"}). In case of *S*. *intermedius*, concentric spokes are observed pointing outwards from the center of the colony. These features (spokes) can be associated with the process of colony growth and bacterial cell migration away from the center of the colony, where the oldest cells are located. Local changes in the refractive index (as well as local changes of thickness) can affect the light diffraction of colonies. In case of *E*. *coli*, the phase map has a significantly different structure, indicated by quasi-spherical phase modulation. It contains round fringes with a homogenous structure inside the region of the colony, indicating that the strongest phase modulation occurs on the edges of the zones with different transmission, and can be responsible for the unique spatial distribution of the colony Fresnel patterns (shown in the next sections). This tendency is also observed on phase contrast images of *S*. *intermedius* colonies (see [Fig 5(III)](#pone.0150449.g005){ref-type="fig"}), where the changes of the phase image contrast are not as strong as in the case of the *E*. *coli* colonies. The lowest intensity region in the phase contrast images is the center of the colony, where the oldest bacteria are located. The phase contrast image of *S*. *intermedius* colonies exhibits the same unique radial spokes features as those observed in the reconstructed phase patterns. The spokes can be correlated with the migration of the bacterial cells during colony growth. The presence of these features may be caused by the slow dynamic of *S*. *intermedius* colony growth on Columbia medium, as these colonies had a smaller diameter and central thickness than the *E*. *coli* colonies, what enabled the observation of the internal structure of the colony near the nutrient medium surface. Phase images of *E*. *coli* colonies also revealed some darker spots in the central region. The phase contrast images correlated with the spatial distribution of the optical path length inside the colony region and suggest that the profile of *S*. *intermedius* colonies is more spherical than that of *E*. *coli* colonies. Moreover, the most significant phase changes for *E*. *coli* are observed around the central region of the colony, suggesting different light transformation and diffraction in ring-shaped zones of the colony with different transmission properties.

Thus, in terms of classical optics, bacterial colonies can be considered as amplitude and phase light modulators, with different species-dependent amplitude and phase properties, affecting the spatial distribution of the incoming optical field. Moreover, it should be noted that colonies are biological objects that evolve over time during incubation; therefore, their light-modulating properties are also time dependent.

### Analysis of numerically reconstructed amplitude and phase patterns of the optical field transformed by bacterial colonies {#sec014}

A numerical reconstruction was performed according to the algorithm presented in the Materials and Methods section. Representative results are presented in [Fig 6](#pone.0150449.g006){ref-type="fig"}. For both bacterial species, it is possible to analyze the propagation of the optical fields transformed by the colonies in arbitrary chosen planes in the observation space behind the object. In each case, the amplitude patterns of the reconstructed diffracted optical field have a different spatial distribution for each location of the observation plane behind the particular colony. These patterns exhibit unique features associated with the morphological and optical properties of the bacterial species under study. Moreover, the convergence of the diffracted optical field, indicated by the size change of the reconstructed amplitude patterns, confirms a previous report \[[@pone.0150449.ref030]\] on the effect of the geometrical structure of bacterial colonies on their light focusing properties. Therefore, PSDIH reconstruction of the optical field patterns that are scattered/diffracted by the colony can be used for bacterial species identification. In a previously proposed method, the Fresnel diffraction and forward scattering patterns of colonies were recorded for specific locations of the observation plane and used as species signatures. However, for some bacterial species or strains, unique diffraction patterns can only be detected at a specific distance. Therefore, time-consuming measurements of the diffraction/scattering patterns in different locations of the registration plane are required \[[@pone.0150449.ref017]\]. In contrast, with PSDIH it is possible to record one digital hologram, and numerically reconstruct the amplitude distribution in all desired observation planes. The most adequate amplitude patterns can be chosen to classify different bacterial species without the need of time-consuming recording of diffraction patterns for different observation planes as in the classical optical system. Digital reconstruction enables the analysis of the reconstructed amplitude and intensity patterns that can be regarded as bacteria species classifiers and can be used for bacterial identification by choosing the diffraction patterns exhibiting many species-dependent features. DIH enables the extension of the diffraction pattern features vector and may lead to more complex classification of bacteria species and strains.

![**Representative amplitude patterns of the optical field transformed by *S*. *intermedius* (I) and *E*. *coli* (II) colonies calculated for different observation plane distances**.](pone.0150449.g006){#pone.0150449.g006}

### The correlation of the numerically reconstructed intensity and phase patterns of the optical field transformed by bacterial colonies and their Fresnel diffraction patterns {#sec015}

The intensity of the Fresnel patterns of the transformed optical field can be treated as specific optical scattering/diffraction signatures that differentiate bacterial species \[[@pone.0150449.ref016],[@pone.0150449.ref017]\]. We determined the correlation between the numerically reconstructed holograms of *E*. *coli* and *S*. *intermedius* colonies using the PSDIH technique, and previously recorded Fresnel patterns (see [Fig 7](#pone.0150449.g007){ref-type="fig"}). The reconstructed intensity patterns of the optical fields diffracted by the bacterial colonies exhibit similar unique features as in the case of the recorded Fresnel diffraction patterns. For *S*. *intermedius*, the central low-intensity zone in the diffraction pattern was observed in both the numerically reconstructed and the experimentally recorded intensity pattern, as expected based on the low light transmission in this region of the colony. Therefore, the light transformation by this type of colony is generally only affected by the light diffraction at the edges of the colony, since the phase map of the space region occupied by the colony indicates high homogeneity of its internal structure. The phase modulation of the incoming optical field for this colony depends mainly on the colony profile leading increased convergence of the diffracted field.

![**Representative results for S. intermedius (A) and E. coli (B) bacteria**. (1) Phase and (2) intensity patterns of the optical fields obtained by the reconstruction of the point-source digital in-line hologram at a distance of 2.0 cm from the bacterial colony, and (3) the representative Fresnel diffraction patterns. (4) The demonstration of the wavelength-dependent differences between Fresnel patterns of bacterial colonies reconstructed from digital holograms (at 405 nm) and recorded in an optical system (at 635 nm) (the dashed lines indicate the wavelength-dependent differences of the diffraction rings spacing).](pone.0150449.g007){#pone.0150449.g007}

For *E*. *coli* colonies, the light diffraction occurs in different, circular transmission zones inside the colony, responsible for the presence of intensity rings in both the numerically reconstructed intensity pattern and the experimentally recorded Fresnel diffraction pattern. The central intensity ring occurs on the boundaries of the bacterial colony center, where the oldest bacterial cells are located and the highest concentration of extracellular substance is found. The second intensity ring results from the light diffraction on the bacterial colony edge. Moreover, the presence of additional radial spokes between the two intensity rings in both patterns results from the internal heterogeneity of the colony. This heterogeneity is caused by the migration of young cells from the colony center, leading to local changes in refractive index.

The results demonstrate that the reconstructed phase and intensity patterns of the light diffracted by bacterial colonies exhibit similar unique features as the Fresnel diffraction patterns, enabling identification of bacteria with nearly 99% accuracy. Therefore, they can also be used for bacterial identification. However, for experimentally recorded Fresnel patterns, an additional speckle effect is observed. It is probably caused by the roughness of the colony surface \[[@pone.0150449.ref030]\]. Moreover, the digital holograms of bacterial colonies were recorded using a light source with a wavelength of 405 nm while the Fresnel diffraction patterns were recorded at a wavelength of 635 nm. This contributes to the differences between the reconstructed diffraction patterns and these recorded in previously proposed optical system. Changes in the wavelength of the illuminating beam affect the diffraction patterns \[\[[@pone.0150449.ref031]\]\]. Long wavelengths lead to wider and sparser patterns, while the overall diffraction pattern size is decreasing. These observations are also confirmed by our results. Moreover, in our previous optical systems a converging illuminating beam was used, while in PSDIH, the illuminating beam was transformed by a pinhole and diverging. This difference can also be responsible for the discrepancy in the lateral size of diffraction patterns obtained by these two techniques. However, it should be pointed out that, although there are some differences between the reconstructed and recorded Fresnel patterns, both patterns exhibit similar species-dependent features.

The PCA analysis of the analyzed optical signatures of bacterial colonies {#sec016}
-------------------------------------------------------------------------

In case of PSDIH holograms of bacterial colonies, the area occupied by the colony was limited by partitioning zones, and the features were extracted according to the algorithm described in previous Sections. The first and second principal components of the holograms are plotted and two different analyzed bacteria species have been marked by different colors (see [Fig 8A](#pone.0150449.g008){ref-type="fig"}). Obtained results on the separation of data points, have shown that extracted features of the holograms are differentiating examined bacteria species. Moreover, the concentration of the data points for both bacteria species suggests the repeatability of recorded PSDIH holograms for different bacterial colonies of the same species.

![**Representative results of PCA analysis of the optical signatures**: recorded digital holograms (A), amplitude (B) and phase (C) images, reconstructed diffraction intensity patterns (D) of both analyzed bacteria species colonies.](pone.0150449.g008){#pone.0150449.g008}

The same tendency (see [Fig 8B](#pone.0150449.g008){ref-type="fig"}) is observed in case of the PCA analysis of the reconstructed amplitude images of bacterial colonies. The separation of data points is affected directly by significantly different transmission properties of bacterial colonies. Moreover, the high concentration of the data points for *S*. *intermedius* can be associated with low transmittance observed for all colonies of these bacteria species.

In case of the reconstructed phase images of bacterial colonies (see [Fig 8C](#pone.0150449.g008){ref-type="fig"}), the analysis of first and second principal components has shown the separation of the data points for two bacteria species. So, the species differentiation based on reconstructed optical signatures, is possible. In this case the concentration of the data points is lower, than in case of amplitude images of bacterial colonies. It can be associated with the differences of the phase distribution among each bacterial colony, caused by local changes of the colony refractive index affected by random bacterial cells orientation, extracellular material spatial distribution and colony profile changes during the colony evolution.

The reconstructed diffraction intensity patterns of both bacteria species at chosen distance 2 cm from the bacterial colony were also analyzed in term of PCA (see [Fig 8D](#pone.0150449.g008){ref-type="fig"}). The obtained results, as in case of previous analyzed optical signatures, have shown that it is possible to differentiate the bacteria species basing on features extracted from reconstructed diffraction patterns.

Performed analysis of the features extracted from the optical signatures of bacterial colonies obtained by PSDIH points out the possibility of differentiation of two analyzed bacteria species.

Conclusions {#sec017}
===========

The main goal of this work was to demonstrate the novel application of point-source digital in-line holography for the characterization of bacterial colonies and its potential use for microbiological investigation. The main advantage of digital holography is the possibility to reconstruct the amplitude and phase properties of examined objects, as well as the amplitude and phase patterns of the optical field scattered/diffracted by the object in a chosen observation plane behind the object from one single digital hologram. The proposed method non-contact and non-destructive, offers label-free examination of bacterial samples. To the best of our knowledge, this report is the first attempt at characterizing the species-dependent properties of bacterial colonies and their diffraction patterns by digital in-line holography.

The analysis of the amplitude and phase patterns inside the colony revealed their unique species-dependent optical properties, which are associated with the internal structure and geometry of the bacterial colony. Moreover, the single measurement digital hologram recording and its numerical reconstruction enable obtaining a reference database of the bacterial diffraction signatures from all observation spaces. As such, it allows for the extraction of additional differentiating features, in contrast to the already proposed methods based on single scattering/diffraction patterns recorded in a fixed observation plane. This method can provide new optical discriminators for bacterial species, which can extend the classification vector and improve the bacterial identification accuracy. Comparison of the reconstructed diffraction intensity patterns obtained with PSDIHM with previously recorded Fresnel diffraction patterns of the same colonies demonstrated that both patterns are highly similar and highlight the same unique features associated with each bacterial species. This indicates the possibility of using digital holography for bacterial identification. The potential of bacteria species differentiation by digital holographic signatures was also demonstrated by means of the PCA analysis of examined optical signatures of bacterial colonies. It was shown that the analyzed optical signatures obtained by digital holography exhibit unique species-dependent features.

Decreasing the incubation time can improve the transmission properties of the colonies and the quality of the numerically reconstructed amplitude and phase patterns. Future research will be focused on more extended investigation of potential application of digital holographic sensors for different bacteria species/strains characterization. Proposed method has non-contact and non-destructive character, and enables label-free investigation of bacteria samples.
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